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Abstract 
We describe the use of the recombinant, nucleotide-binding domains (domains I and III) of transhydrogenase to study 
structural, functional and dynamic features of the protein that are important in hydride transfer and proton translocation. 
Experiments on the transient state kinetics of the reaction show that hydride transfer takes place extremely rapidly in the 
recombinant domain I:III complex, even in the absence of the membrane-spanning domain II. We develop the view that 
proton translocation through domain II is coupled to changes in the binding characteristics of NADP + and NADPH in 
domain III. A mobile loop region which emanates from the surface of domain I, and which interacts with NAD ÷ and 
NADH during nucleotide binding has been studied by NMR spectroscopy and site-directed mutagenesis. An important role 
for the loop region in the process of hydride transfer is revealed. © 1998 Elsevier Science B.V. 
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1. Introduction 
Transhydrogenase couples the transfer of reducing 
equivalents (hydride ion equivalents) between 
NAD(H) and NADP(H) to the translocation of 
protons across a membrane. 
+ + 
NADH + NADP ÷ + Ho,tC:vNAD + NADPH + Hi+~ 
(1) 
It is found in the inner mitochondrial membrane of 
animal cells, and in the cytoplasmic membranes of 
bacteria. As an ion pump, transhydrogenase i  unique 
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in that the free energy change of translocation is 
associated, not with AG ° (the standard redox po- 
tentials of NAD(H) and NADP(H) are almost identi- 
cal), but with the mass action ratio of products and 
reactants. Though an active enzyme, the function of 
transhydrogenase is not fully established. It might 
have a role in the provision of NADPH for bio- 
synthesis and for glutathione reduction [1], and, 
together with the NAD- and NADP-linked isocitrate 
dehydrogenases, in the control of flux through the 
tricarboxylic acid cycle [2]. In any case, the general 
consensus is that transhydrogenase is a consumer 
rather than a generator of Ap. Thus, the energy of the 
proton gradient is used to drive the reaction described 
by Eq. (1) over to the right. The properties of 
transhydrogenase are reviewed [3-5]. 
0005-2728/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved. 
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Fig. 1. The tridomain structure of transhydrogenase. 
Transhydrogenase has three domains (Fig. 1). 
Domains I and III are peripheral to the membrane, 
domain I having the binding site for NAD+/NADH 
and domain III for NADP+/NADPH. Domain II 
spans the membrane. Unlike other redox-linked H + 
pumps, the composition of transhydrogenase i  simi- 
lar in different species--there are no 'accessory' 
polypeptides in the enzymes from animal cells com- 
pared with those from bacteria. There are differences 
in gene organization [6], resulting in some 'domain 
shuffling', but this probably has little effect on the 
three-dimensional arrangement of polypeptides in the 
protein. 
2. A dissective approach to the study of 
transhydrogenase 
Following on from the pioneering work of Fisher 
and colleagues [7], we established that, uniquely in 
Rhodospirillum rubrum, domain I exists as a separate 
polypeptide [8]. We were able to overexpress and 
purify the recombinant domain I protein, and show 
that it can reconstitute ranshydrogenation activity to 
domain 1-depleted membranes [9]. It binds NADH 
with a moderately high affinity (KD~30 IxM) and 
NAD + more weakly (KD~300 p~M), but not NADP + 
or NADPH [10,11]. Recombinant domain I protein 
from Escherichia coli was prepared by incorporating 
an appropriate stop codon in the gene sequence 
[12,16], and was found to have similar nucleotide- 
binding properties [10]. 
Using equivalent techniques, recombinant domain 
III proteins of transhydrogenases from several species 
were subsequently prepared [13-16]. These proteins 
are associated with very tightly-bound NADP ÷ and 
NADPH [14-16]. K D values have not been deter- 
mined, but are probably in the subnanomolar range. 
The 'off' rate constants for the nucleotide from the 
recombinant R. rubrum protein have been measured; 
as expected from the tight binding, their values are 
very low (0.03 s -1 for NADP +, and 5.6× 10 -4  S -~ 
for NADPH) [14]. 
Remarkably, a simple mixture of domains I and III 
can catalyse transhydrogenation, even in the absence 
of the membrane-spanning domain II [13-16]. The 
possibility of studying structure-function relation- 
ships in the isolated peripheral proteins, and catalysis 
in the domain I:III complex, has opened up new 
avenues for research into the mechanism of trans- 
hydrogenase. 
3. Steady-state transhydrogenation by mixtures 
of domains I and III 
'Reverse' transhydrogenation, measured as the 
reduction of AcPdAD + (an NAD + analogue) by 
NADPH (cf. Eq. (1)), by a mixture of R. rubrum 
domains I and III is heavily limited by the rate of 
release of the product NADP ÷ from domain III [14]. 
Similarly, 'forward' transhydrogenation, the reduc- 
tion of thio-NADP ÷ by NADH, is heavily limited by 
the rate of release of product, thio-NADPH [14]. 
Due to the very slow rates of NADP + and NADPH 
release, 'reverse' and 'forward' transhydrogenation in 
domain I:III complexes are about three orders of 
magnitude slower than rates measured for the com- 
plete enzyme. It was concluded that interactions 
between the membrane-spanning domain II, and the 
domain I:III complex, are responsible for controlling 
the rate of NADP ÷ and NADPH release, and it was 
speculated that those interactions are crucial in the 
coupling with proton translocation across the mem- 
brane [14]. This notion will be explored in more 
detail, below (Section 6). 
It has long been known that transhydrogenase 
catalyses the rapid reduction of AcPdAD ÷ by NADH 
in the presence of NADPH [17,18], but the reaction 
was originally thought o be a unique property of the 
membrane-located enzyme under the influence of a 
protonmotive force. Recently however, it was shown 
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that the reaction occurs in solubilised transhydrogen- 
ases from E. coli, R. rubrum, and bovine mito- 
chondria; the important feature is that the reaction 
takes place under conditions in which NADP + and 
NADPH are tightly bound to the enzyme [19-21]. 
Thus, 'cyclic' transhydrogenation s the reduction of 
enzyme-bound NADP + by NADH, followed by the 
oxidation of enzyme-bound NADPH by AcPdAD +: 
NADH + E- NADP +¢~NAD + + E. NADPH 
and III (KD~20 nM) [14]. Conversely, the depen- 
dence of the rate of reverse transhydrogenation on the 
recombinant protein concentrations shows that the 
complex can repeatedly dissociate/reassociate on the 
time scale of catalysis. Thus, domain I can visit more 
than 60 domain III proteins, exchange its product 
AcPdADH for fresh AcPdAD +, and donate its hy- 
dride, during the time taken for domain III to release 
its product NADP ÷. 
AcPdAD + + E. NADPHc:~AcPdADH + E. NADP + 
(where E corresponds to transhydrogenase). Because 
NADP + and NADPH bind so tightly in the absence 
of domain II, the cyclic reaction proceeds very 
rapidly in R. rubrum domain I:III complexes, proba- 
bly at about the same rate as in the complete, 
membrane-bound enzyme [14]. Importantly, this indi- 
cates that domain II is not required for rapid binding/ 
release of nucleotides to/from the NAD(H) site on 
domain I, or for the rapid transfer of hydride equiva- 
lents between NAD(H) and NADP(H). 
The dependence of the rate of cyclic transhydroge- 
nation on the recombinant protein concentrations 
gives an indication of the affinity between domains I 
4. Identification of steps in transhydrogenation 
by complexes of recombinant domains I and III 
through analysis of stopped-flow kinetics 
The information that can be obtained by analysis of 
the transhydrogenation reactions in steady-state is 
limited. More recently we have attempted to measure 
the rate constants of individual steps on the trans- 
hydrogenation pathway, and to detect ransient inter- 
mediates, by observing the approach to steady-state 
in the stopped-flow spectrophotometer. In the experi- 
ment shown in Fig. 2, domain I, plus domain III 
loaded with NADPH, was mixed with AcPdAD ÷ 
under stopped-flow conditions. The oxidation of 
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Fig. 2. The transient state kinetics of hydride transfer in recombinant domain I:III complexes of R. rubrum transhydrogenase. Domain I (50 I~M) and 
NADPH-loaded domain III (50 IxM) were mixed (equal volumes) with 2 mM AcPdAD in an Applied Photophysics stopped-flow spectrophotometer 
(buffer, 10 mM (NH4)2SO4, 20 mM HEPES, pH 8.0). Note that the upper trace is slightly offset to avoid overlap. 
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NADPH and the reduction of AcPdAD ÷ took place 
with similar kinetics in a biphasic, single turnover 
burst prior to the establishment of the steady-state 
rate (which is negligible on the time scale of the 
figure, and is limited by the very slow rate of release 
of NADP+--see above). The following observations 
can be made: 
. 
. 
. 
The fact that a very rapid single turnover 
reaction occurs in the absence of domain II, 
shows that the apparatus for hydride transfer is 
located entirely within domains I and III. 
Conclusions from the results of steady-state 
experiments about he pathway of hydride trans- 
fer (reviewed in Ref. [23]) are substantially 
incomplete. However, in the pre-steady-state th  
similarity between the kinetics of NADPH 
oxidation, and of AcPdAD ÷ reduction indicate 
that hydride transfer proceeds directly from one 
nucleotide to the other without he participation 
of an intermediate hydride acceptor. Analysis 
by electrospray mass spectroscopy independent- 
ly shows that neither ecombinant domain pos- 
sesses covalently bound prosthetic groups [22]. 
Evidently in the I:III complex, the C4 atoms of 
the nicotinamide rings must be positioned close- 
ly enough to effect direct hydride transfer. 
To understand why the burst is biphasic, a 
series of experiments was performed in which 
the concentration of domain III was fixed, and 
that of domain I was varied. The total amplitude 
of the burst remained constant, but the slow 
phase predominated at low concentrations of
domain I, whereas it was entirely replaced by 
the fast phase at high concentrations of domain 
I (results not shown). The apparent first order 
rate constant of the fast phase was independent 
of the domain I concentration (-500 s ~), but 
that of the slow phase increased with domain I
(from <10 s -1 to -50 s-~). It is concluded that 
the fast phase corresponds to hydride ion trans- 
fer between ucleotides within the domain I:III 
complex, whereas the slow phase reflects the 
events that accompany dissociation of the com- 
plexes, release of AcPdADH from, and rebind- 
ing of AcPdAD ÷ to, domain I, and reassocia- 
tion of domain I with previously unreacted 
domain III. Because (a) NMR experiments 
. 
indicate that AcPdAD ÷ and AcPdADH ex- 
change rates with domain I are fast (>1000 
s -l) [11], and (b) stopped-flow experiments 
indicate that domain I and domain III can 
associate rapidly (data not shown), it is very 
likely that the slow phase of the burst corre- 
sponds to dissociation of the I:III complex. It is 
tempting to speculate that the dissociation and 
reassociation of recombinant domains I and III 
reflect real changes in the conformational inter- 
action between the two domains during turnover 
in the complete nzyme. 
Transhydrogenase i  known to catalyse stereos- 
pecific hydride transfer between the 4A position 
of the nicotinamide ring of NAD(H), and the 4B 
position of NADP(H) [24]. When the experi- 
ment shown in Fig. 2 was repeated with [4B- 
2H]NADPH as substrate, the fast phase de- 
creased in rate by about fourfold at 8°C, sup- 
porting the view that it corresponds to the 
hydride transfer reaction. The apparent first 
order rate constant of the fast phase of 
AcPdAD ÷ reduction by [4B-IH]NADPH was 
only very weakly dependent on temperature, 
and comparison of activation energies and 
preexponential factors in experiments using 
[4B-2H]NADPH as donor suggest a contribu- 
tion to hydride transfer from quantum-me- 
chanical tunneling; it may be noted that non- 
classical effects have been observed in a num- 
ber of soluble dehydrogenases [25]. If this 
suggestion is correct, it implies that the hydride 
transfer distance (between the C4 positions on 
the nicotinamide rings) is very short (< 1 ,~). 
5. Involvement of a surface loop region in the 
transhydrogenase r actionma study by NMR 
spectroscopy 
We have pointed out a similarity between the 
amino acid sequences of the water-soluble bacterial 
enzyme, alanine dehydrogenase, and domain I of 
transhydrogenase [8].An evolutionary relationship is
predicted. An interesting difference between the two 
proteins is that transhydrogenase domain I has an 
extra segment (approximately from positions 224 to 
245 in R. rubrum domain I) which is highly sensitive 
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Fig. 4. The coupling of transhydrogenation o proton translocation. In the 
E state (no bound NADP + or NADPH) the protein cannot bind protons at 
its catalytic centre, either because the pK, is very low, or because of 
physical barriers to proton conduction. In the E* state (with bound 
NADP ÷ or NADPH) the catalytic entre of the protein is accessible to 
protons in the solvent (the n-phase in E*.NADPH, and the p-phase in 
E*-NADP+). In the complete nzyme the E** state is generated from E* 
as a result of protonation and associated conformational rearrangements. 
The domain I:III complex, however, is locked in the E** state (within the 
box). The ' . '  symbol signifies that a nucleotide ligand is in rapid 
exchange with the enzyme; the > (tight binding) and >> (very tight 
binding) symbols ignify slow exchange. Thus, NAD ÷ and NADH can 
exchange rapidly with the domain I-binding site in all intermediate states, 
whereas NADP ÷ and NADPH can only exchange rapidly with the 
domain HI-binding site in the ground state of the enzyme. 
bound, the rate of NADPH release from isolated 
domain III (or from the I:III complex) is -50 
times slower than that of NADP + release [14]. 
We conclude that, in the occluded state, 
NADPH is bound more tightly than NADP ÷ to 
domain III. By virtue of this difference in 
binding affinities, the equilibrium position on 
the enzyme favours the reduction of NADP +. 
The model for the complete, membrane-bound 
enzyme shown in Fig. 4 follows from these conclu- 
sions and interpretations. Note that the binding 
affinities for NAD + and NADH do not change during 
turnover (NADH binds quite tightly and NAD ÷ more 
weakly to all intermediate states). Thus, in the 
forward (physiological) reaction NADH serves as a 
passive donor of reducing equivalents. The essence of 
the model is that, following the binding of NADP +, 
protonation from the p-phase, and associated con- 
formational changes, lead to the formation of the 
occluded state. Within this state, transfer of hydride 
from NADH to NADP + can occur, and is favoured 
by the relative stability of NADPH in the binding 
site. The release of protons to the n-phase, and 
associated conformational changes, regenerate the 
ground state of the enzyme, from which NADPH can 
readily dissociate. 
The mobile loop region of domain I (Section 5) is 
centrally involved with events taking place within the 
occluded state. The amino acid residues 13His91 [33], 
[3Asp392 [34] and [3Asp213 [35] might be located 
within regions of the protein involved in energy 
transmission, because mutations at these positions in 
the E. coli enzyme are more inhibited in reverse 
transhydrogenation than in the cyclic reaction, which, 
according to arguments developed [19], indicates that 
NADP + release is affected more than hydride trans- 
fer. However, for all three residues, inhibition in 
some of the mutants is only partial, suggesting that 
these residues are not central to the coupling process. 
Finally, within the context of the hypothesis de- 
scribed in Fig. 4, an important objective for future 
research will be to establish, (a) whether domain II 
serves to conduct he p-phase protons into the I:III 
complex (where, for example, protonation at the 
nucleotide site on domain III would serve directly to 
stabilize bound NADPH relative to NADP ÷), or (b) 
whether proton conduction proceeds only through 
domain II and not through domains I and III (and 
thus, energy released during the conduction process 
would be conformationally coupled to the change in 
stabilization of nucleotide binding in domain III). 
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to cleavage by proteases [12]. The segment has a 
preponderance of charged and hydrophilic residues, 
and has an invariant Gly-Tyr-Ala motif. NMR 
experiments on the R. rubrum and E. coli domain I
proteins how that this segment forms a mobile loop 
region on the protein surface [11,12,26,27]. Through 
a combination of site-directed mutagenesis, and one- 
dimension and two-dimension NMR experiments, we 
have now assigned many of the 1H resonances to 
specific amino acid residues in the mobile loop region 
(Fig. 3). In the absence of nucleotides the loop exists 
predominantly as random coil, although there are 
some favoured interactions, as evidenced, for exam- 
ple, by a nuclear Overhauser enhancement (nOe) 
between Met239 and Phe243 (Quirk, unpublished). 
However, upon binding nucleotide (NAD ÷, NADH, 
5'-AMP), the loop resonances undergo changes in 
their chemical shifts and broaden. This indicates that 
residues in this segment lose mobility and/or undergo 
chemical exchange processes on the NMR time scale. 
In favourable circumstances the change in chemical 
shift has been used to estimate nucleotide binding 
constants which are consistent with values measured 
by equilibrium dialysis [27]. It is concluded that, 
upon nucleotide binding, the loop closes down on the 
protein surface. In the presence of bound nucleotide 
(at favourable rates of exchange) nOes are detected 
between the A8 protons of the adenine ring and the 
C a protons of Tyr235 and C a and C~ protons of 
Ala236. It thus appears that the amino acid residues, 
and the adenosine part of the nucleotide, approach 
one another within about 5 ,~. 
Experiments with proteins having single-site amino 
acid substitutions in this region indicate that the loop 
has a role in both nucleotide binding, and in the 
hydride transfer step, but not in the binding between 
domain I and domains II/III ([26-28] and unpub- 
lished). Generally mutations in the loop have a 
significant but rather small effect on the NADH- 
binding affinity. Increases in the KI) value are in the 
region of two- to fourfold, indicating only a small 
contribution to the binding energy (the equivalent of 
one or two hydrogen bonds). The exception is that 
mutation of Ala236 has a more pronounced e- 
stabilizing effect (the K D increases about tenfold), 
which might suggest hat substitutions at this locus 
have a strongly disruptive ffect on the loop structure 
in the bound state. Although difficult to determine 
directly (because of the much higher KD), it appears 
that loop mutations have an equivalent effect on the 
binding of oxidised nucleotide (NAD ÷ and 
AcPdAD ÷). Taken with the finding that, to date, we 
have only found interactions between the protein and 
the adenosine part of the nucleotide, it is suggested 
that the loop region is not involved in discrimination 
between NADH and NAD ÷. 
The degree of inhibition of hydride transfer (esti- 
mated either from rates of the steady-state cyclic 
reaction, or from the fast phase of the burst in 
stopped-flow experiments) varies widely amongst 
Tyr'/35 
Pke243 
Tb~28 
Mete9  
[. ThrT,31 
.,MB " 
] t~ V 232 
t 
Ala236 
t . . . .  i . . . .  i i . . . .  i . . . .  i . . . . . . . .  i 
ppm 7.0 ppm 2 0 ~. J,.O 
Fig. 3.1H-NMR spectrum of domain I of R. rubrum transhydrogenase. R sonance assignment of the mobile loop resonances (and of the flexible C-terminal 
region, viz. Gln282 and Ala384) is based on two-dimension NMR experiments of wild-type and mutant proteins ( [11,12,26,27] and unpublished). 
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different loop mutants ([26-28] and unpublished). 
The largest effect occurs on substitution of the 
invariant Tyr235 (-98% inhibition in Tyr235Asn, 
93% in Tyr235Phe). Conservative mutations in other 
loop residues, including the flanking, invariant 
Gly234 and Ala236, have smaller effects on hydride 
transfer ates. The conclusion is that Tyr235 is the 
critical residue in the functioning of the loop region, 
and that other residues are predominantly structural, 
serving to position that Tyr relative to the bound 
nucleotide. Since the distance between the nicotin- 
amide rings is critical in determining the hydride 
transfer ate (see Section 4), and since we can expect 
changes in conformational interactions between do- 
mains I and III during turnover, the most likely 
function of the loop is in the correct relative position- 
ing of the NADH and NADP +. 
Presumably because of their accessibility in the 
mobile loop region, the equivalent of Tyr235 in 
transhydrogenase from bovine mitochondria, and 
Tyr226 in the enzyme from E. coli, are readily 
modified by fluorosulphonylbenzoyl adenosine; the 
modified enzymes are inactive [29,30]. Note that 
mutation of Tyr226 in E. coli transhydrogenase gave 
rise to less inhibition than in R. rubrum [30] probably 
because, in the former, catalysis was limited, not by 
the rate of hydride transfer, but by NADP + release 
[281. 
6. General conclusions and some comments on 
the coupling of transhydrogenation to proton 
translocation 
It is looking increasingly unlikely that the energy- 
coupling process is directly coupled to the hydride 
transfer step: 
(a) Hydride transfer between the nicotinamide 
rings of NAD(H) and NADP(H) is direct and 
does not involve redox intermediates ( [22], see 
above). It is difficult, therefore, to envisage how 
the chemistry of that reaction could be coupled 
to proton binding/release (cf. models discussed 
[31). 
(b) The apparent first order rate constant for the 
hydride transfer eaction measured irectly in 
recombinant domain I:III complexes in 
stopped-flow experiments (see Section 4) is 
only very weakly dependent on the solution pH 
(unpublished). 
(c) The rate of 'cyclic' transhydrogenation 
(which involves NADH/NAD + binding/re- 
lease, AcPdAD ÷/AcPdADH binding/release, 
and hydride transfer, see Section 3) in chro- 
matophores i unaffected by the imposition of 
Ap, whereas the 'forward' reaction is greatly 
increased, and the 'reverse' reaction is strongly 
inhibited [20]. 
Furthermore, there is little evidence to suggest that 
events accompanying NAD +/NADH binding/release 
are coupled to proton translocation. Certainly, the 
binding affinities of recombinant domain I for NAD + 
and for NADH are not affected by solution pH 
[10,11], indicating that, at least in the isolated 
protein, neither protonation nor deprotonation accom- 
pany the nucleotide-binding reaction. 
We [14,19,31] and others [5,16,32] have raised the 
possibility that events taking place at the NADP(H)- 
binding site on domain III might be central in the 
process of energy coupling. We emphasize three sets 
of observations on the properties of the recombinant 
domain I:III complex that might have implications for 
the mechanism of coupling. 
(i) The rate of hydride transfer in the domain 
I:III complex is similar to that in the complete 
enzyme, and is very fast. Evidently, at the 
hydride transfer step, the conformational state 
of the domain I:III complex resembles that 
adopted by domains I and III in the complete 
enzyme. This 'occluded' state, represented by 
E** in Fig. 4, is characterised by its very low 
off-rate constants for NADP ÷ and NADPH 
from domain III. The I:III complex (and iso- 
lated domain III) is locked into the occluded 
state, whereas, in the complete enzyme the 
occluded state is a reaction intermediate. 
(ii) Interaction with domain II promotes release 
of NADPH or NADP + from domain III [14]. 
We propose that proton translocation through 
domain II, and the consequent interactions with 
domains I and III, result in interconversion f
the ground state of the enzyme (from which 
NADP + and NADPH can exchange quite rapid- 
ly) and the occluded state. 
(iii) Though both nucleotides are very tightly 
